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FIGURE 5 | TEM images showing microstructure and elemental mapping of composition #5 after holding at 1050°C for 4.0 h: (A) overview of 
microstructure; (B) high-magnification image showing the fine crystals; (C) Al map of (B); (D) Ti map of (B).
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low viscosity, close to 108  Pa  s, which was below the measure-
ment limit for the BBV method. The viscosity remained almost 
unchanged during the holding at 750°C, corresponding well with 
the HTXRD study which shows little to no structural change in 
this glass (Figure 3A). At the end of ceramming cycle, the glass 
cracked into pieces due to the lack of effective bulk nucleation.

In contrast, the change of viscosity for the TiO2-containing 
glass (composition #5) as a function of ceramming temperature 
was much more complicated than the monotonic decrease 
of viscosity in TiO2-free glass (Figure  6B). The viscosity plot 
could be divided into three stages. At stage I, an increase of one 
order of magnitude in viscosity was observed during the hold at 
750°C, suggesting either phase separation or nucleation at this 
stage. At stage II, an abrupt decrease of viscosity with increasing 
temperature was observed after the initial nucleation hold until 
824°C, at which temperature a sharp increase in viscosity was 
noticed. The temperature for the jump in viscosity was exactly 
the onset temperature for the largest exothermal peak in DSC 
(Figure 2), which was confirmed by XRD to be the formation 
of β-quartz (Figure  3C). At this stage, the major phase in 
composition #5 was β-quartz ss with very little amount of glassy 
phase, suggesting a high viscosity during ceramming. Once the 
reaction completed, the viscosity of composition #5 started to 
decrease with increasing temperature due to the lack of new 

crystalline phase formation and the relatively stable structure. 
At stage III, β-quartz ss was converted to β-spodumene ss and 
no further structural change during the holding at 1050°C, as 
evidenced by the small variation in viscosity and the unchanged 
phase assemblage in HTXRD (Figure 3D). Overall, the viscosity 
of the TiO2-containing glass was kept above 109.5  Pa  s during 
the whole ceramming cycle, which contributed to a near-net-
shape ceramming of composition #5 without cracking or visible 
deformation.

DISCUSSION

Numerous investigations have been conducted to understand the 
crystallization process in Li2O–Al2O3–SiO2 glass-ceramic fam-
ily due to their increased commercial applications. Nucleation 
agents, either single or a combination of several, including TiO2, 
ZrO2, P2O5, and Ta2O5 have been used to produce a bulk nuclea-
tion owing to a liquid–liquid phase separation (Barbieri et  al., 
1997b; Guedes et al., 2001; Wurth et al., 2009; Ananthanarayanan 
et al., 2010; Li et al., 2010; Nemati et al., 2010; Höche et al., 2011; 
Höche et al., 2012; Montedo et al., 2012; Chavoutier et al., 2014; 
Kleebusch et  al., 2016; Soares and Zanotto, 2016). Although 
minor in concentration, nucleation agents are critical to the 
final microstructure and properties of glass-ceramics. This work 
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